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ABSTRACT 

This study was undertaken by the Research Directorate, Weapons 
Laboratory at Rock Island, to develop a digital computer program by 
which the two-dimensional temperature profile In gun tubes can be com- 
puted under realistic physical conditions.   A mathematical model was 
presented In which variable geometry, temperature-dependent thermal 
properties, and variable conditions at the boundaries are considered, 
A numerical algorithm, in which the method of explicit finite-differ- 
ences is used, was developed for the mathematical model and was pro- 
grammed for the digital computer.   A numerical example was coinputed to 
check the computer program.   The program and all subroutines functioned 
properly.   No numerical instability nor convergence problems were en- 
countered. 
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INTRODUCTION 

Small caliber automatic weapons are subjected to extremely high 
operating pressures and temperatures.   Energy from the hot propel 1 ant 
gas 1s absorbed by the gun tube at a much faster rate than It 1s dissi- 
pated to the surroundings.   Temperature rises occur quite rapidly, and 
result in erosion or loss of strength of the gun tube material.   High 
pressures may cause the tube to become ruptured when the temperatures 
are increased sufficiently.   The important point is, therefore, that 
gun tube designers be able to predict the temperature distribution of a 
particular gun tube design.   The purpose of the present work is to de- 
velop a digital computer program by which gun tube temperatures can be 
computed for physically realistic conditions.   These physical conditions 
involve variable axial geometry, temperature-dependent thermal proper- 
ties, variable firing schedules, and variable thermal boundary condi- 
tions at both the bore and exterior surfaces.   Results obtained from 
the computer analyses may be used to determine areas of excessive tem- 
perature rise, to estimate maximum burst time, to provide information 
necessary for thermal stress analyses, and to Indicate necessary 
changes for improved thermal performance. 



flATHEHATICAL MODEL 

In this section, the physical mechanisms of heat transfer from the 
propellant gas to the gun tube are described and a mathematical formulac- 
tion is given for the temperature distribution in the tube.   An illus- 
tration of the gun tube is shown in Figure 1. 

The gun tube material is considered to be isotropic, but the1 ther- 
mal properties, p(T), C{T), and K(T), are known functions,of temperature 
The assumption is that angular temperature variations are small, com« 
pared with radial and axial temperature variations.   Thus, only a two- 
dimensional temperature field must be considered.    Heat flows from the 
hot propellant gas, whose temperature is represented by Tg(r,z,t), to 
the tube, whose temperature is denoted by T(r,z,t).    The assumption in 
this analysis is that the heat flux from the gas to the bore surface is 
specified or that the propellant gas temperature is a known function of 
time and position, and that a heat transfer coefficient, h^R^z.t.T) 
exists which is also a known function.   And finally, the assumption is 
that continuous variations in the outside diameter of the tube may be 
adequately approximated by a finite number of step changes in the exte- 
rior diameter.   The actual diameter as being approximated by three step 
changes is shown in Figure 1.   The number of step changes may be greater 
or less than three, dependent upon the situation.    Close approximation 
of any taper of the outside diameter by use of a greater number of step 
changes is possible.   The analysis will be illustrated with the use of 
three step changes.   However, the computer program was written so that 
any desired number of step changes in the external diameter could be 
handled. 

The governing partial differential equation for the gun tube is 
given by 

3T .     K(T)      r3
2T .  1  3T ... 327, 

It - p(Tjc(T) [3?^ + F 3? + al^1 

+ ^7]crn-lTt(|F)2 + (|r)2] ;   H) 
Equation 1 is nonlinear due to the presence of temperature-dependent 
properties.   The boundary conditions for the tube illustrated in Figure 
l are 

r = Ri, 0 1 Z 1 Z3 

-K(T) |I(R1.Ztt) = q"{Ri.Z.t) (2) 
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r = R4, 0 i Z i Zj 

i 

+ e(T)0[Tn^.Z.t)  - To1»] (3) 

-K(T) |I (R,.Z.t)  = hmCTdVZ.t) - To] 

r = R3. Z! S Z ^ Z2 

-K(T) fJfRa.Z.t)  = h(T)[T(R3.Z.t)  -To] 

■MTMT^.Z.t) - To1*] (4) 

r = R2, Z2 ^ Z ' Z. 

KfT) |i(R2.Z.t)  = h(T)rT(R2.Z.t)  -To] 

+e(T)a[T-(R2.Z.t) - To1*] (5) 

0 < R < R.,, Z = 0 

K(T) |I (r.O.t) =q"(r.0.t) [6) 

^ - r ^ Rk, Z = Zi 

-m)£{r,lltt) =0 [7j 

R2 ^ r - R3, Z = Z2 

- K(T) U(r.Z2.t)  =0 (8) 

R) ^ r ; R2. Z = Z3 

-K(T) |^(r.Z3.t)  = h(T)[T(r.Z3.t)  -To] 

+e(T)o[T'*{r.Z3.t)   - To"] (9) 



The Initial conditions are 

T(r,Z,0) -Tl {r,Z) (101 

The heat flux given In Equation 2 may be a specified function, or 
may be expressed In terms of a heat transfer coefficient and the 'oca' 
difference between the bore surface temperature and the bore center 
line gas temperature. In the latter case, the boundary condition is 
given by 

q-d^.Z.t) - h(RI,Z,t)[Tg(0.Z.t) - T(R1.Z.t)] (11) 

The heat flux given In Equation 6 must also be specified     Th<s su^ace 
may lose energy to the surroundings, or exchange heat with smt other 
section of the weapon.    Boundary conditions for this surface aust be 
specified on an Individual basis. 

The temperature-dependent thermal properties given in all the oov 
erning equations must be evaluated at the temperature of the po'nt »t 
which the equations are being evaluated. The heat fluxes at the bound- 
ary locations at which step changes have been used to approxi-ute con- 
tinuous variations In external diameter are assumed to oe m the rad'a) 
direction only. This 1? Indicated In Equations 7 and 8. The r«(4<dtion 
form factor for all other external surfaces has been taken as un-ty 

The set of equations given above cannot be sol.ed ana'yt ca'V, so 
numerical techniques must be employed.   The method of eipliot 'inite 
differences was chosen to solve the equations.   The details ot the nu- 
merical algorithm are given in the following section 



NUMERICAL ALGORITHM 

To determine the temperature distribution In the gun tube» the 
tube Is first subdivided Into a finite number of discrete lumps.   The 
subdivision of the gun tube Is Illustrated In Figure 2.    The tube has 
been divided Into three sections In both the axial and the radial di- 
rections.   The number of nodes In the first radial section Is 1^ In- 
cluding the Interface between sections 1 and 2.   The second and third 
radial sections contain Ij and 13 nodes, respectively.    In the first 
axial section, ji nodes are present, Including the Interface node. 
The second and the third axial sections contain J2 and j3 nodes, re- 
spectively.   The spatial Increments between the nodes are given by 

At, 
{R2-R1) 

"  di-TT 

(R3-R2) 
Ar2 

12 

(R.-M 
*ri '3 

A?. 
Zl 

M| ' UrTl 

AZJ 
U2-z.) 

J2 

az} 
(Zi-Zj) 

Jj 

The nodal point locations are 

rn- R, ♦{^(«J-«!). 1 ^ i i, 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

Ußy 

(n-1,) 
rn ' R2 * ~T^"(RJ"R2), 1l ' n S ^^ (,9, 

(n-1,-12) 
rn " R3 * —V) (**-R|). U*h ' " i U*WU (20) 
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V^Z1.,MSJI    ' (2I) 

(m-ji) , i 
Zin = Zl + ~ir~ (Z2■Zl), ji < m " ji+^ ' (22) 

(m-j1-d2) .'...' 
Zm = Z2 + —31 (Z3-Z2). Ji+J2 < m " Ji+J2+J3 •   (231 

The temperature of each lump Is assumed to be uniform and equal to 
the temperature of its center or nodal point.   The spatial derivatives 
appearing in the governing equations are approximated by finite differ- 
ence relations, which have been determined from the simultaneous solu- 
tions of truncated Taylor series expansions.   Equation 1, written in 
discrete difference notation, is       . ' 

(IT)       =J<n^_[(idI)      i+^(|I)     ]      ' 
n,m    pn,m   n.m     0     n,m     'n        n.m ' 

* -      V       [(g)2      + (|f)2   ]     . (24) pn,m S.m     3r n.m      ^ n.m 

Subscript n denotes the radial node location and subscript m denotes 
the axial node locations.   The subscripts of the property values denote 
that they are evaluated at the temperature of,node n.m. 

Kn     = K (Tn J .     . (25) n.m        ' n.m . i i *    ' 

The boundary conditions must also be written in difference form.    For 
example. Equation 2 is written as ' 

,1h _K (±1) = n" 
i.m v3r i.m    H i. m     ■ • ; , ' (26) 

The spatial derivatives In Equations 24 and 26 are approximated by 
finite difference relations. A set of explicit algebraic equations' re- 
sult for the time rate of temperature change at each node. These rates 
of change are multiplied by a finite time Increment to find the temper- 
ature at one increment of time later. The procedure is repeated until 
the final time period of Interest has been reached. The finite differ- 
ence expressions used to approximate the spatial derivatives are shown 
In Tables I and II.   The particular derivatives shown are for the 

i 
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radial direction.    The expressions! for the axial d'rect'on a^e of the 
same form, whore the spatial increment is AZ, the subscript n is fixed, 
and the subscript m is a variable.   The appropriate expression to1use 
depends on the node of interest.    For interior nodes. Number 2 m Table 
I and'Number 3 in Table II are used.   At the bore surface. Number i or 
Table II is used for the second derivative; the first deri/ätive is de- 
termined from the boundary condition,    The correct expressions for the 
external boundary nodes are those, of theheat flux boundary cond'tion:. 
and Number 4 of Table II.    The derivatives for the nodes adjacent to the 
boundaries are given by Numbers 2 and 3 of Table 1 ana Number 2 of Table 
II.   .At the interface nodes, by which sections are separated in whi.h 
the increments between nodes may become changed in size, the cofe.x. e*-1 

pr-essions are Numbers 4 and 5 of Table I and Table M, respectively 

The maximum time increment, by which niimencal stäbipty is enwed 
for the linear diffusion equation with this algorithm, is j'ven by 

where AX is the distance between nodal ipoints and w ts 

w V4 + 4 ^ 

The present set of equations are nonlinear and the maxniu.n ail'owab'e c nie 
interval would be expected to bp less than that giv^n by Equat'on 2? 

The sufficient condition for numerical stability and con-e'-jen,e  ■■, 
that both the first and the second laws of thermodynamics be f.at'sf'ed 
The satisfaction of the first law was verified by the perf j'^ance o' nr.' 
energy balance on the tub6 after each time interval.    No atiempt \iai nade 
to check the satisfaction of the Siecond law     The belief was that the 
satisfaction of the first law provided,an adequate check ot nume^.a) 
stability and convergence. 

The explicit finite difference algorithm, desc'bed in th s sect on', 
was programmed for the digital computer     The compoier protf-am   s at- 
scibed in thefollowing sectipn, and a program liätiny Is yiven m 
Appendix A. 
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DESCRIPTION OF COMPUTER PROGRAM 

A digital computer program was written for the evaluation of the 
numerical algorithm described in the previous section.   The computer 
program comprises a main program and eight subroutines.   The main pro- 
gram contains the input, the output, the logic     operations, and the 
computation operations for temperature changes.   Detailed calculations 
are performed in the subroutines.   The name and the purpose of each 
subroutine is given below: 

1. CONV - Provides external convection coefficients and 
emissivities. 

2. QZSUB - Contains operations to compute the axial heat 
fluxes at the external surfaces due to both 
radiation and convection. 

3. QRSUB - Contains the operations necessary to compute the 
radial heat fluxes at the surfaces due to both 
radiation and convection. 

\ 

\ 

4. AXIDER 

5. RADDER 

6. DKDT 

7. XKKS 

8.    LINEAR 

- Specifies the operations for the computation of 
the spatial derivatives in the axial direction. 

- Provides computations for the spatial derivatives 
in the radial direction. 

- Gives derivative of thermal conductivity with 
respect to time. 

- Gives the calculation of thermal conductivity as 
a function of temperature. 

- Gives specific heat as a function of temperature. 

The input to the digital computer program consists of seven READ 
tatements whose required input data are listed below: 

- number of radial segments 
- number of axial segments 
- radiation coefficient 
- ambient temperature 
- termination time 
- iteration number at which printout is desired 

- number of radial nodes in each segment 

- number of axial nodes in each segment 

1.    M 
N 

\     SIGMA 
NTS 
\TTIME V 

2.    JJS(I) 

3.    LLSih 

12 
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4. RS(J) - radial boundaries of each segment 

5. ZS(I) - axial boundaries of each segment 

6. KRA(I) - number of radial segments in each axial segment 

7. X(I), Y(I) - temperature versus specific heat data 

Thermal property data in the subroutines are for SAE 4130 steel. 
If a different barrel material is to be analyzed, the functional rela- 
tionships in these subroutines must be changed.   The emissivities and 
external convection coefficients in the present subroutines are con- 
stant.    If these values are not constant for any case being investi- 
gated, the proper functional relations must be added to the subroutines. 

The output from the program consists of the time and the tempera- 
ture at each node for those iterations for which printout is desired. 
A complete listing of the digital computer program, along with typical 
input and output data, is given in Appendix A. 

13 



NUMERICAL EXAMPLE 

A numerical example was computed to check the digital computer 
program.   The sole purpose of computing the numerical example was to 
ensure that the program and the subroutines were functioning properly. 
No specific weapon was considered.   With reference to Figure 1 r the 
geometric dimensions used in the example were 

Rj = 0.625 Inch (29) 

R2 = 0.845 Inch (30) 

R3 = 0.940 Inch (31) 

Ru = 1.088 Inch (32) 

li = 3.16 Inch (33) 

Z2 = 12.5 inch (34) 

Z3 = 42.0 inch (35) 

Thermal property data for SAE 4130 steel were obtained from Figure 
2.013, of Aerospace Structural Metals Handbook,2   The data were adjusted 
to the curves, which are given below. 

K = (28.3 - 0.0087T) j^r^-sp. T ^ 1420oF (36) 

and 

K = (10.39 + O.00347T) hr
B^ 6p, T >  1420oF (37) 

The density variations for SAE 4130 steel  are small, and the fol- 
lowing mean value of density was used. 

p = 490 lb/ft3 (38) 

14 



Tabular data for specific heat were used in conjunction with a 
linear interpolation subroutine.    The specific heat data from Figure 
2.015 of Aerospace Structural Metals Handbook2 are given below: 

T. 0F C. BTU/lb 0F 

0 0.108 

200 0.112 

400 0.125 

600 0.132 

800 0.150 

1000 0.160 

1200 0.185 

1600 0.180 

2000 0.180 

2200 0.150 

The temperature of the surroundings was constant and equal to 
70oF.    A constant convection coefficient of 5 BTU/hr ft CF and a con- 
stant etnissivity of 0.5 were prescribed at the external boundaries.    An 
effective mean propellant gas temperature of 2000oF and an effective 
mean heat transfer coefficient at the bore surface of 200 BTU/hr ft    F 
were used in the calculations. 

The computer program was run, with the use of the data given above, 
for a continuous firing burst of 12.5 seconds.   All portions of the mam 
program and its subroutines functioned properly.   No numerical insta- 
bility nor convergence problems were encountered.   The temperatures at 
all nodes were printed at time intervals of approximately one second. 
The computed bore surface temperatures, as functions of time and posi- 
tion, are shown graphically in Figure 3.    The bore surface temperature 
rises more rapidly at locations in which the barrel wall is thinnest, 
as would be expected.   The effects of axial temperature gradients are 
minor, except where an abrupt change occurs in the external d'ametor, 
This indicates that, for this specific example, a less complicated and 
less expensive one-dimensional numerical  program could be used over 
most of the axial length without the introduction of any major errors. 
The two-dimensional program could still be used in regions where a step 
change exists in diameter. 

A summary of this "investigation is given in the following section. 

15 
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SUMMARY 

A mathematical model to determine the two-dimensional temperature 
profile in a gun tube, under realistic physical conditions, is pre- 

sented.   Variable geometry,1 temperature dependent thermal properties, 
and vanabl'e conditions at the boundaries were considered in the mathe- 
matical model.    A numerical algorithm was developed for the mathematical 
model by use of the method of explicit finite differences.   The numerical 
algorithm was programmed for evaluation by the digital computer.   A 

! numerical example was computed to check tht computer program.   The pro- 
gram and all its subroutines fynctioned properly.    No numerical insta- 
bility nor convergence problems were encountered. 
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c » oiciiM. immtt» raoMM ro ocfftNiw TMO-OIHCNSIOMI TIUM 
C HAIUM  MOfllf   I« MM  TUMS t*  fMl  DfTNOO OP   iimCIf 
c »imn oirrfatMCfs. 
c 

OINfNSION  11*0, Ml,   Qftl«O.MI.  0/l*0,)OI.  0«l»l.   Oll»l,   N6U0I. 
i rcuoi,   ■MOI, crueit «MOIMM, fNisiot, IMCI«OI, «M««*OI, 
z oriMi, OTiito.Mi. ora2i«o,Mi, otiuooi. oil<i«««>oit 
i Jjtiti. uvui. ati«), /sin. utiti. utiti. juiai, ■••id, 
« IIJO), vuei 

COMMON /MKI/JStWiai,  «.  •MMT,  N»,   ISUM, lil,  M,   SI6M.   TS 
Rf«0  I,   M,   N,   SI6MA,   TS.   TTINf,   m».  W 
MINI  Ml,   N,   N,   SIGH«,   TS,   TTINC.   N» 

}0I   »MMMUN N a,   IS.   SI,   «N N •,   IS,   SI,   M  SICH*   ■.   f IS.*,  SI. 
I   SH IS  •,   f W.S,   SI.   M  TTINC  ■«   til.*,  SI.SN NT >.   1*1 

C N»     -  MMICN  IIMATION MSIM OftlV^TIM   MINTS. 
C m  •  HOOUIUS  IM   IMOICATCS HNICN  ITIMTIMS TIN» MINT  OUTS ••(  OfSUfO. 

■c»o ?i,ijjsin, I ■ i, MI 
MINT   10},    UJSIII,    I   •   l.NI 

m TO«HUUN jjs/iTiisii 
•{•0 1I,IUSU»,   J  ■   I,   Ml 
MINI   JOS.   IllSlil.   i   »l.NI 

IOS  P00MMI4N LIS/ITIISM 
NTI   «  M   *   I 
• (•0  /,   I   ISIJI,   J   •   I,   Mil 
MINT  tO«.   USUI.   J  •   l.MHI 

104   rCMNMIIN BS/   IMIS.TII 
C Ul  SfSNCNTS I   SCCMfNTS OUT MOUll* MUST MM  SAM  ••OUl OIMNSION. 

•CM i,   I   lit It.   I   ■   I.   Ml 
MINI  IOS,      IISIII.   I   ■   l.NI 

20S PJMIII«H    IS/   I If IS. n I 
C HI  SfGMtNTS «   SiCMMTS OUT •IIUIV    «OTT Nivf   SAM  UIAI    OIMNSION. 

• 1*0  ||,•■••III,   I   •   I.   Ml 
MMT  10*.   (■••Ill,   I  ■   l.NI 

10* rOAHAIUM ■••/   l?l ISM 
• fAO I,   I   llll.   Till,   I   «   1.101 

I   »0«HAT||||0.   flS.S.   IPIO.O.IIIOI 
i toaMiiMie.oi 

II   PONNUIOIIOI 
c 
C MINI   IM.UUIII.   ■■•III.   ■■•Ill 
C   SSO  FOMUIfM «■•III   ■•U.IOI.OM •••III   •,   l*,'IOl,   «I ■••111   ■•   1*1 
c 

RINT   .   M   ♦   M   ♦   I 
C * mill  Of IISS  TMN 01 NUAl   TO N 
C MUST MVf  M NUMMa <0»   JSU^III'S. 
c ■••in is auMMa o* aaeiu sect IONS n* IACN AIIAI UCTIOM. 

oo s MUM 
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KRAD  «   KMIKt 
JSUMUI   •  0 
00  J  J  •   1,KK*0 

9  JSUMIKI   ■  JJSIJI   •   JSUNIKI 
C 

MINI   »92.JSUMUI.   JSUMUI.   JSUMUI 
992 FOWUTUON JSUMUI   -.14.101.ION JSUMI2I   -.I^.IOI.IOH  JSUMUI   -.1«! 

C 
ISUM  «  0 
00 «   I ■  1.  N 

4   ISUM •   ISUM  •  LLSUI 
c isuM MrafSfufs IM€ Tom NUMOI* or *«UL NODES 
C JJS- MUMM«  OF   lUOUL  NODES   IN TNf  MSFECTIVE   SC6NENTS. 
C LIS-  NUN«»  OF  «UM.   NOOES  IN  THE RESPECTIVE   SEGMENTS. 
C N - NUMBFK  OF   «IUL   SEGMENTS. 
C M •  MUIHUN  NUMOEK OF RftDIU   SEGMENTS. 
C TII.JI  -  T(NFf*«TU*CS. 
C 0*111   - »»01*».   INCREMENT CHANCE  IORUI  < DRUI   < ORUI   I 
C Ollll   - UIAL   INCREMENT CHANCE   ISTART  MUH OIUI   ■ 01121   -  01191   I 
C TRIAl   AND  ERROR   FOR CORRECT  VALUES FOR OIUI'S. 
C RSIJI     -     BOUNDARV  RAOII   FROM GORE TO OUTSIDE. 
C ISIII   - -   AKIAL   MUNOARIES. 
C IS   -   ANRIEHT   TENFCRATURE. 
C HCIITI  •  HHERE   IT   IS  TENF   SUDSCRIFT  AND HC   IS  THE  CONVECTION COEFFICIEN 
C T OF  THE  GAS CONFUTED AS A FUNCTION OF   TEN». 
C ■( -     THERMAL   CONDUCT! VI TV AS A FUNCTION OF   TEN». 
C CFIITI  -  SPECIFIC   HEAT  AS A FUNCTION OF   TEN». 
C RMCHITI  -  DENSITY  AS A FUNCTION OF   TIM». 
C EMISIITI   -  EMISSIVITV  AS  *  FUNCTION OF   TENF. 
C IMCUTI   ■  CONVECTION COt»iCIENT At •  FUNCTION OF   TENF. 
C IHRIITI   -  RADIATION  AS  A  FUNCTION OF   TENF. 
C ITIME   IS  TIME  OF   TERMINATION 
C 
C CHE   FOILOHINC CONFUTES  THE   «IIAl  AND RADIAL  CHANGES   IDELTASI 

00 A  J   •   I.   N 
A  IJSIJI   ■  JJSIJI 

DO T   I   •   I.   N 
T ILSIII   ■  LLSIII 

Dllll   ■   ISIII   /   IXLSUI   -   1.01 
00 •   I-  2.  N 

• Ollll   •   IISIII  -  ISII-III/  USUI 
C NEIT   CONFUTE   THE  RAOII 

DRIII  ■   IRSI2I  -  RSUII   /  IIJSIII •  1.01 
Rill  ■  «Sill 
JKK  •   2 
JJJ >  0 
00  II   JR<   I.   M 
IFIJ«   .EO.   II   SO  TO  « 
DRIJRI   •   IRSIJ«*II   -  4SIJRII   /  IJSIJRI 
JAR  •   JRX   •  JJSIJR-11 

« JJJ ■ JJJ • JJSURI 
00   10  J   •  JRR.   JJJ 

10 RIJI   •   RIJ-II   •  DRIJR» 
J>  J  •   I 
RIJI   >  RSIJR   •   11 

11 CONTINUE 
RIJI  ■  RSINUI 
TINE  •  0.0 
NRONT  ■   I 
TSAR ■   TS  * 4A0.0 
NN • 0 
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Jtllll    -   JJSIIt    *    1 ! 
HH1   •   H-l 
00  14  J  ■ 2«NNt 

14  JIIUI   • JIIIJ-II   •  JJSUI 
IK  ■  N - LLSIMt 
IK   *   1 
NN  •   LISIII 
00   18   II   •   I.N 
JSU  ■   JSUNIIII 

'    00  IT   I   ■   IK.NU 
00  17  J  •   It   JSU 

IT  TII.JI   -  IS 
mil .co. HI co TO it 
IK > IK * LISIII» 
HH •  m  *  USIIIMI 

It CONTINUE 
M CONTINUE 

C 
C       NCIT CONFUTE THE NtllMUN TINE INTBtVtL. 
C    01 ■ Otlli (SINCE Otllt < Dtlll Ot Otlll I 

OX • OMI!I 
c 
C NOM LOCATE  MUlNUN  XKIITt.   «NO NININUN IHtlTI 
C IKHAI  ■   IKIITINtl 
C XHNINNa  XMIITININ 

IHIAX  ■   21.} I 
XKHIN  ■   12.1 
XHMAX  •   2«0.0 ' 
XHMIN  ■   «OT.O 

C 
XM ■«.*«.•   XNHAI  /   XKNIN  • 01 

C NOM  LOCATE  KHOIITI  MININUN.   CHITI   NININUN. 
C RNONIN ■  RNOIITIHIN 
C CMIN -  CMITININ 

KHONIN ■ ««0.0 
CMIN ■   .101 

C 
OTIII   ■   RNONIN  •   CMIN   /IN« /   XKNtl  • 01   •  01 
XNR     ■   4.   *  «.   •   INNIN   /   XXtUX  •   IRSI2I  - RSI III   /   IXLSI1I   -   1.01 
OTIII   •  RNONIN •  CMIN  /  INR   /   XKNAX •  IRSIII-RSUII*«!   /  XLSIlt     -1.0 

1 ••  I 
00   It J  ■  I.   N 
XNR   ■  4.   * *.   •   IMNIN  /   IRNRI  •  (RSUMI  • RSUII   /  XLSUI 

It  OTIJ*ll   ■ RNONIN •  CMIN  /  INR   /  IRMI •  »RSIJMI   - RSUII   ••  2  / 
1       XLSUI •• 2 
XNI     ■  4.  *  4.   •   INNIN   /   IRNRI  •  IS) II   /   IXJSIll   -   1.0   I 
OriN*ll   •  RHONIN  •  CMIN  /   INI      /   XKMI  • ISIII   ••  2   /  IJSIll   ••  2 
00   ItO   I   •  2t   N 
INI   ■   4.   * 4.   •   INNIN  /   IKNRI  •  IISIII   -  ISII-U»   /  IJSIll 

ItO  OTII*NI       • RNONIN •  CM|N /   INI   /  MMI •  IISIII   -  ISII-II»   •• 2 
1       /     US« 11 ••2 

C NOM NUST  OCTCRNINS  SNALLBST OT «NO  UIO «UUI  HILL §■  TNI   TINE 
C INCRENCNT. 

IOT  ■ 0 
20  IOT  •   IOT *l 

l»T  ■   IOT *  1 
iriOTIIOTI  .«T.  OTII^TII  «0  TO  10       i ' 
OTIIRTI  ■ DTIIOTI 

M RINT1  > RINT •  1 
miRT  .Nl. KINT1I  00 TO 20 

C RINT NUST •■ •■«0  IN «S  IN • N •  || 
I 
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I     I 

I 

1 

I OTH  •   OTIKINTll 
OTH •   OTH  /   1.5 
.TIME • TIME ♦ OTH • UOO.O ' 

C       NOM COMPUTE ALL VALUES OEPENDENT ON TEMEMTURt 
C       SUBSCRIPT IT DESIGNATES WHICH TINE INTERVAL 
C       XHCII.JI MUST EITHER BE A TABLE REAO IN OR A FUNCTION COMPUTATION. 
C     i  NEXT COMPUTE THE HEAT FLUXES. 

LL1 • LLSdl 
CALL   ORSUBITtORtTSAB.JH.LLVt 

C ••••••'• 
CALL  OISUBITSAB.JjS.LLStT.OltKRAI ' 

C NOM  CHECK RAOIAL TEMP  AGAINST  AXIAL  TEMP OIFF   ANO SHOULD BE  CLOSE. 
C ONLY  NEED  TO CHECK   BORE   TEMPS AXIALLV AGAINST ADJACENT RADIAL  TEMPS. 

CALL   RAOOERCT.OR.OTR.DTRI.ORtJJStLLSI 
C '   NEXT   COMPUTE   AXIAL   DERIVATIVES.: 

CALL   AXIOERIT.D2.0U.DTI2tOZtLLSt 
C COMPUTE   TEMP CHANGE  AT  EACH NQOE 

IFINKONT   .EO.   II   CO   TO   490 
IFIMODINKONT.NRI   .NE.   01   CO, TO  SIC 

C ' 
MO   PRINT: 500.   TIME,   NKbNT 
500 FUK1ATI//5X,   SH  TINE  >   ,   EU.*,   tOX.   IBH   ITERATION NUMBER   ,   IS/i 
SIO   IFF  «   0 

00 50)   IK  »UN 
UN  «    IFF   ♦   J 
IFF • IFF • LLSIIKI i       ' 
JSU « JSUMIIKI 
00 «.3<. J « 1. JSU  ' 
00 41* I • UN. IFF 
TT • TlltJI 
CALL OKOTITT, XXK. OKT. XRHO, XCP.X, Yl 

c OKDT is i*f THERMAL CONDUCTIVITY . DENSITV. t SPECIFIC HEAT SUBROUTIN 
,        IFINKONT   .NE.   0)   CO   TO  BOl 

PRINT   B02.   XXK.   XRHO.   XCP.   DTRZd.JI,   RIJI.   OTRII.JI.   0TI2IUJI, 
l>   OKT.   OTIII.JI 

B02   FORMATI*H  XXK   m,   E15.T,   5X,   TH   XRHO  ■»   EI5.T.   5X,   AH  XCP  >•   EIS.T. 
I     i*i   I2H 0TR2II.J>   ",   E15.T   /   TH RIJ)   -,   E15.T.   5X,   IIH  OTRII.JI 
2«.  EI5.7.5X.I2H 0TI2II.JJ   ■•   EIS.T.  SX.   «t4 OKT  ■.  E15.T   /  5X,   12H 
> OTIII.JI   >.   E15.TI 

60}  OTOT   •   XXK   /   XRHO  /   XCP   •   I0TR2U.JI   »   I.   / IRIJII •   OTRII, 
1 Jl   »   Omi(<JII   *   I.   /   XRHO   /   XCP  •  OKT  •   (OTRII.JI   ••  2   * 
2 OTIII.JI   *•   21 

<     MS   TII.JI   •   TII.JI   *  OTOT  •  OTH 
IFINKONT   .EO.   II   CO  TO   AM 
IFIMODINKONT.NRI   .NE.   01   CO   TO  50) 

C 
SAl   CONTINUE 

00 501   I   >   UN.    IFF 
PRINT   502.    I 

502   F0RMATI5X.   IBH  AXIAL   LOCATION  -   ,   151 
PRIM   505.   (TII.JI,   J  ■   l.JSUI 

501 CONTINUE 
50)  CONTINUE 
505  F0RNATIBI)X.EI2.VII 
560  NKONT   • .NKONT   *   I 

C IFINKONT   .LE.   5001   CO  TO  «0 
IFITINE   .IT.   TTIMtl   CO   TO  «0 

,    TAO CALL   EXIT 
EN0 

i 

! 
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SUBROUTINE CONVITT.XXHC.EHI$S>XKI 
EHISS   >   .5 
XXHC   ■   5.0 
CALL XKKSirTtXXiOxri 
RETURN 
END 

SUBROUTINE  0{SUB(TStBfJJStLLStTtOItKRAI 
COMMON  /BLKI/JSUNIBIt   N,   NKONTt   NPf   ISUNt   LLlt   M,   SUM*.   TS 
DIMENSION OZMOtSOIt   TI40.]0lt   JJSISIt   LLSISI.  KRAIBI.   XI20I. 

I     VI20I 
00  90   KR'l.N 
ISU   '   0 
DO 5 IK « I. KR 

5 ISU • ISU * LLSIIKl 
IFIKR .NE. N) GO TO S 
JSU • JSUMINI 
DO 12 J « I,JSU 
TARS • TIISUM.J) * 460.0 
Tf « TIISUM.J) 
CALL CONVITT, XXHC. EMISS. XKI 
XXHR > EMISS * SIGN*      * I TABS •» J ♦ TABS •• 2 • ITSABI * 

I   TABS • ITSABI        •• 2 ♦ ITSABI        •• )l 
XXH • XXHC  * XXHR 
IFINKONT   .NE.   01   GO  TO  6 
PRINT   201.   XK.   XXHR.   XXH 

201   FORMATIiH  XK   m,   £15.7,   5X.   TH   XXHR   •.   €15.7,   5X.   6M  XXH  ■,   El*.71 
6        OZIISUM.JI   «   XXH   /   XK •   ITIISUH.JI   -   TS) 

IFINKONT   .NE.   01   GO   TO   12 
PRINT    10.   ISUM.   J.   OZIISUM.JI 

10   FORMAT I5X,9H.    ISUM  •   .   I5.5X.3H   J«.I5,   IOX,   I1H  OZIM.JI   »   ,   612.41 
12  CONTINUE 

GO  TO  90 
8   JSU   •   JSUMIKRI 

JSUI   ■   JSUMIKRMI 
IFIJSU   .EO.   JSU1I  GO  TO 90 
IFIJSU   .LT.   JSÜII   GO  TO  BO 
JSUU   •   JSUI   *   1 
DO   70   J   •  JSUU.   JSU 
TABS   •   TIISU.JI   ♦   «60.0 
TT   >   I(ISU,   Jl 
CALL   CONVITT.   XXHC.   EMISS.   XKI 
XXHR   •   EMISS •   SIGMA •   I TABS  ••   i  *   TABS  •* 2  *   ITSABI   » 

1        TABS   *   ITSABI ••   2   »   ITSABI ••  II 
XXH   •   XXHC      *   XXHR 
IFINKONT   .NE.   0)   GO   TO  9 
PRINT   201.   XK.   XXHR.   XXH 

9        0/1ISU.   Jl   •   XXH  /   XK *   IT«ISU.   Jl   -   TSI 
IFINKONT   .NE.   01   GO   TO   70 
PRINT   203.   ISU.   J.   OZIISU.JI 

203   F0RMATI6H   ISU   •.    110.   5X.   4H  J   •.   110.   *X.   I2H  OZIISU.JI   ■.   EI5.7I 
TO  CONTINUE 

CO  TO 90 
SO   JSUM1   «JSU   *   I 

ISU1   •    ISU   ♦   I 
DO B5   J  ■  JSUM1.   JSUI 
TABS   •   TIISU1.J)   * 460.0 
TT   •   TllSUl.Ji 
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. ...... 

CALL  CONVITT.   XXHCt   EMISSt   XKI 
XXHR  •  EHISS •   SICN« •   (TABS  ••   1 *  TASS  •• 2  •   ITSABi   • 

1        TABS  *   ITSABI **  2  »   ITSABI ** >) 
XXH  •   XXHC     ♦  XXHR 
IFINKONT   .NE.   01   GO   TO  85 
PRINT   201,   XK 
OZIISUltJI   •   XXH  /   XK •   ITS  -   TllSUltJII 

85  CONTINUE 
90  CONTINUE 

RETURN 
END 

SUBROUTINE  ORSJBIT.OR.TSAB,JH.LLSI 
COMMON  /BLKI/JSUNI8I,   N,   NKONT,   NP.   1SUM,   LI I,   M,   SIGMA.   TS 
DIMENSION TUO.JO),   ORUO. 301 .LLSI 81.   XI20I.   VI20I 
0Ü  ?0   I'UISUH 
TABS   •   Til.II   »  460.0 
TT   '   TII.ll 
CALL   CONVITT,XXHC.EMISS,XKI 
XXHR  «  EMISS *   SIGMA •   (TABS  ••  i *   TABS •• 2  *  ITSABI   ♦ 

1        TABS  •   ITSABI *•  2   ♦   ITSABI •• 31 
XXH  «   XXHC     ♦  XXHR 

20   QRU.ll   «   XXH  /   XK   •   ITIItll   -   TSI 
LI   «   LLI 
IS   •   0 
DO  200   IK  «l.N 
JSÜ   •   JSUMIIKI 
II   •   IS   »I 
IS   •   IS   »  LLSIIKI 
00   130   I   •   II,   IS 
TABS   •   rit,JSUI   ♦  «60.0 
TT   «   TM.JSUI 
CALL   CONVITT,   XXHC,   EMISS,   XKI 
XXHR   •  EMISS  *  SIGMA •   I TABS   ••  3  *   TABS  ••  2  *   ITSABI   * 

t        TABS  *   ITSABI ••   2   *   ITSABI ••   31 
XXH  •   XXHC     *  XXHR 

130   ORIUJSUI«   XXH  /   XK     •   ITI|,JSUI-   TSI 
200  CONTINUE 

RETURN 
ENO 

SUBROUTINE  AXIOERI T,OZ,0T2,DTt2,0Z,LLSI 
DIMENSION  TUO.JOI.   0WU0.30I,   OT22U0.30I,  OZISI.   QZU0,30I. 

1     LLSI8I,   XI20I,   VI20I 
COMMON  /BLK1/JSUMI8I,   N,   NKONT,   NP,   ISUM,   LLI,   M,   SIGMA.   TS 
IS   •  0 
DO   320   IK  ml,   H 
JSU • JSUMIIKI 

C     IFIIK .EO. Nl CO TO 150 
C     IFIJSU .LE. JSUNIIK»1II CO TO 150 

II • IS *l 
IS   •   IS   *  LLSIIKI 

150  00   320 J'UJSU 
IFI 11   .NE.   II   GO  TO   185 
om,ji>o.o 
0TZI1,JI   —02I1,JI 
0TI2II.JI   ■   1./18./02I1I   *•   2  »1-85.   •  TIl.JI   •   108.0  *   TI2.JI 

25 



1     27.0   •   TU, l)   *  4.0 •   TU.JI)   ♦   11.   /   3.0  •   ailliJl   /   »1111 
IF(M00INK0NT.NPI   .Hf.   01   GO   TO   192 
PRINT   20.   J.   OWtl.JI.   OT22ll,JI 

20  F0RNATI7H  OT^(l.,n.   )H)   *,   B1S.6,   10X,   TH   DU2  >til>.*l 
152 12   «   II      1 

DT2II2. 1./6./0ZIIKI   •   I   -2.   •   T(I2-UJI   -   3).   •  TII2,JI   * 6.   »Tl 
112.Jl        i'l2*2.J)) 

'   0TZ2(l2fJI   •   1.   /O/IIKI   *•  2  •   (TII2*1.J>   -   2.   •  TII2,J)   *  TII2-1, 
1     Jl) 
IMMODINKONI,NPI   .NE.  01   GO   TO   31 
PRINT   22.   12.   J.   DT2II2.JI.  DTI2II2.JI 

22   FOKHATIÜH  DTZI.I3,2H  ,   13,   3HI   ■.   €15.6,   10X.   7H  *ltZ   ■.   EIS.*) 
31 INT   «   II   *   2 

IS,'   ^   IS   -  2 
DC   153   1   •   INT.   IS2 
01/(1.J)   ■   1.   /   12.   /  DZIIKI*   ITII   -   2.   Jl   -   •.   *  Til   -   1,   Jl   *  B. 

I*  Til   »   I,   Jl   -  Til   * 2,  Jll 
153 0T/2II.JI   «    1.   /   12.   /  02IIKI**   2   •   I-TII-2.JI   *   16.   *   TII-l.J»   - 

DTZ2II.JI   •   I.   /   12.   /  02IIKI**  2   •   I-TII-2.JI   *   16.   *   T(l-l,J»   - 
1 30.   *   TII.J)   ♦   16.   *   TIIM.JI   -   TII*Ü,J)» 
If IMODINKONI,NPI   .NE.   01   GO   TO   153 
PPI-'    V,    I,      J,   D1HU   Jl.   0T/2II,   Jl 

l''3   CONTINUE 
111   =   IS2  ♦   1 
nr/IIIUJI*   1.   /   6.   /  DZIIKI*   I   -6.   •   Tllll-l.JI*   3.   •   Tllll.J)*   2 

1.*T(II1M,JI   *   TIII1-2.J)I 
01721111.Jl*    I.   /   0211)   •*   2   *   ITIIIIM.JI   -   2.   •   T( 111 > JIMI111-1 

l.Jil 
IFIMnOINKONI.NPI   .NE.   01   GO   TO  32 
PRINT   22,    IU.J.   0T2III1,JI,DU2III1,JI 

32 IFIIK   .Et.   Nl   GO   TO   1^5 
IFIJ   .GT.   JSUMIIKtlll  GO   TO   165 
OT/IIS.Jl   •    1./07IIK»!)/   I1.*0MIK*1I/  OZIIKII*   (   TIISM,   Jl   -  Til 

IS.Jl   *   ( l.-OZ(IK*n»*   2   /   O/IIKI**   21-OIIIK*!)**  2   /  •ZIIK)**  2 
2 *   H IS-l.JI) 
0T;2IIS,J)   •   2./l07IIKI*07IIK«l)*D2IIK*ll**2l*ltIIIK*ll/»ZIIKI* 

1 'rilS-l,JI-ID2IIK»l)/  D2IIK)*   1.1   •   TIIS.JI   *   T(IS»l.J)) 
IMMOOINKONT.NP)   .NE.   01   GO   TO   320 
PRINT   22,    IS.   J,   DT/<IS,JI,   017211$,Jl     - 
GO  in   320 

160   IF(IK   .EC.    1)   GO   TO   320 
IFIJ   .LE.   JSUMIIK-D)   GO   TO   185 

165   0T7IIS,J)   «-071IS,J) 
OI72IIS,J)   •   I.   /   18.   /   07IIKI**   2   •   1-65.   •   TIIS.JI   *   10t.   *   TIIS 

1-1,Jl   -   27.   *   KIS-J.J)   •   4.   *   TIIS-3.JII   -   11.   *  07IIS.J)   /   3.   / 
2 07 I IK I 

IFIMOOINKONI.NPI   .NE.   01   GO   TO   320 
PRINT   22.    IS.   J.   DI7IIS.JI,   0172115,Jl 
r.n TO 320 

185   IF1ISU   .GT.   JSUHIIK-ll)   GO   TO  200 
190   DT7(II.J)   «    1.   /   6.   /  07IIK)*   1-2.   *   TIII-l.JI   -   3.   •  TIII.J)*  6.* 

1 n 11*1,Jl   -   TIII*2,<III 
DT/2(II,JI   •    1./07I2)   **   2  •   17(11*1.Jl   -  2.   •   TIII.JI   *TIII-|,JII 
IFIM0OINKONI,NP)   .NE.  0)   CO   TO   33 
PRINT   22.    II,   J.   012(11,Jl,   OT22III,JI 

«3  GO   10   152 
200   IFIJ   .LE.   JSUMIIK-lll   CO   TO   190 

0T7III,JI   •   021II,JI 
0T22(II.JI   •   1./18./02IIKI**   2  «l-H.   •   TIII.JI   *   108.0   *   TIIIM.J 

11-27.0   •   TIII»2.J)   *  4.0  •   TIIIO.JI)   -   11.   •   3.0 • 02(11.J)   /  021 
2 IK) 
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IFIMOOtNKONT.NPI   .«IE.  01   CO  TO  3« 
PRINT  22t   lit   Jf  OTZdliJIi  DT/2(lltJI 

34   IF(IK   .NE.  Ni   CO TO   ISO 
CO  TO   152 

320 CONTINUE 
1    RETURN 

ENO 

SUBROUTINE RAODERIT,DR,0TR.DTR2,0RtJJS.LLSI 
DIMENSION  T(40f}0li   DRISI.   0TRI40t30li   0TR2I*0,J0I.   0R«*0t3OJ. 

1     JJSI8I.   LLSISIf   XI20lt   VI20I 
COMMON  /BLKl/JSUNiait  N.   NKONT.   HP,   ISUMt   LLlt  M,   SIGMA,   TS 

XH  '   200.0 
TG   >   2000.0 

IF!   =   1 
ILA   •   LLSI1I 
DU   360   IK   •   1,   N 
JSX   •   JSUMIIK) 
00   iOS   JR  -   I.M 
JSX   «   JSX  -   JJSIJRI 
IF IJSX   .EO.   01   GO  TO   306 

305 CONTINUE 
JR • M 

306 CONTINUE 
00   3S0   I   •   IFI.ILA 
II   •   Tll.l) 
CALL   CONVITT.   XXHC,   EMISS.   XKI 
ORII.ll'XH  •   IIG -   Ill.ll»   /   XK 
DTR (I. II   —OR 11.1) 

QRII.ll   «77 
0TR2lttl)   ■   1.   /   18.   /   DRI1I   **   2   *   1-85.   •   Tll.l)   ♦   108.   •   T(I,2) 

1     -   27.   *   Til,31   *  4.  *   III,«))   *   11.   /   3.   /  DRI1)   *  QRII.ll 
IFIMOOINKONT,NP)   .NE.   01   CO   TO  «0 
PRINT   20,   I,   DTRII,!),' DTR2II.1I 

20  F0RHATI5H  OTRI.I}.   5H. 1)   •,   EI5.6,   10X,   7H  DTR2  «,  E15.6I 
«0  DTRII,2)   ■   1.   /  6.   /  ORIII   *   1-2.   •   Til,II   -   3.   *  Til,21   *  6.   • 

1     1(1,31   -   Til,«I) 
0TR2II,2)   •   1.   /  DRI1I   **  2  •   (111,3)   -  2.   •   T(I,2)   *   Til,111 
IFIMOOINKONT.NP)   .NE.   0)   CO   TO  41 
PRINT   22,   I,   DIR1I,2I.   0TR2II,2I 

22   FORMAKSH  DTR(,I3,   5H,2I   ',   115.6,   10X.   7H  0TR2  •.  E15.6) 
41   JJI   •   JJSI1)   -  2 

DO   310   J   •   3,   JJI 
OIR(l,J)   ■   1.  /   12.   /  ORIII   •   (T(I,J-2I   -   8.   •  TII,J-1)   ♦  8.   • 

1   T(I,J»1)     -     TII.J*2II 
DTR2(I,J)   •   1.  /   12.   /  DRI1)   ••   2   *   l-TII,J-2l   ♦   16.   *   1(1,J-l)   - 

1      30.   •   TII,J)   *   16.   *   T(I,J«II   -   T(I,J*2)I 
IF(MUOINKONT,NP)   .NE.   0)   CO   TO   310 
PRINT   24,    I,   J,     DTRII,J),      DTR2(I,J) 

310  CONTINUE 
24  FORMATISH  0TR(,13,2H  ,I3,3H)   ",   E15.6,   10X,   TH  0TR2  «,   E15.6) 

DTRII,JJ1*1)   •   1.   /   6.   / ORIII   *   1-6.   *   T(I,JJ1)   ♦  3.   •  T(I,JJ1*1I 
1   «2.   •   T(I,JJ1*2I   ♦   TII.JJl-D) 
0TR2(I,JJ1*1I   ■   1.   /  ORIII   *•  2  *   ITII,JJ1»2I   -2.   •  T(I,JJl*l)»T(I 

1,   JJ1I) 
IFIMOOINKONT.NP)   .NE.   0)   CO   TO  43 
Jl  •   JJI   »1 
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PRINT   24,   I,   Jl,   DTRIItJZ),  OTR2ll,J2) 
M   IF(JJSII)   .EO.   JSUMIIKII   CO  TO  129 

JJ  «   JJSI1) 
OTRII.JJI   «   1.   /  ORI2I   /   II.   *  0RI2)   / ORIlll   •   ITIItJJ*!)   - Til. 

1 JJ)  *ll.  -  üRI2i   **  2  / DRIll  •• 21  - ORI2)   •• 2  /  ORIll   *• 2  • 
2 TII.JJ-lll 
DIRZII.JJI •   2.   /   IDRII) • DRI2t ♦ ORI2I •* 21 * I0RI2I / ORIlt * 

I TII.JJ-ll - IDRI2I / ORIll * II • TII.JJI * TII.JJ »111 
IFIMOOINKONT.NPI .ME. 01 GO TO ** 
PRINT 2«. I, JJ. OTRII.JJI, 0TR2II,JJI 

*♦ JSX « 0 
DO 319 JK - 2, JR 
JSX   >   JSX   »  JJSIJK-ll 
JP  «   JSX   ♦   I 
DTRII.JPI   •   1.   /   6.   /   ORIJKI*   1-2.   •  TI|,JP-ll-).   •   TII.JPI   *  6.   * 

1     TII.JPM)   -   TII,JP*2I) 
0TR2lt,JPI   '   1.   /   ORIJKI**  2  *   (TII,JP*1I   -   2.   •   TII.JPI   »TII.JP-l 

II) 
IFIMOOINKONT.NPI   .NE.   01   CO   TO  49 
PRINT   24,    I,   JP,   DTRIUJPI,   DTR2II,JPI 

49   Jl   »   JP   ♦   1 
JL   «   JI   ♦   JJSIJKI   -   4 
DO   312   J   '   JI.JL 
DTRIUJ)   ■   I.   /   12.   /   ORIJKI*   ITII,J-2I   -   S.   *   TI1.J-1I   •   S.   * 

1      ril.JM)   -   TII,J*2)) 
DTR2<I,J)   •   1.   /   12.   /  ORIJKI**   2  •   l-T(I.J-2l   »   16.   •   TII.J-ll   - 

1     30.   *   TII.J)   *   16.   *   TII,J*1I   -   TII,J*2I) 
IFIMODINKONT,NPI .NE. 0> GO TO 312 
PRINI 24, I, J,  OTRII,J),  0TR2II.J) 

312 CONTINUE 
JPP = JL ♦ 1 
DTRII.JPPI   •   1./   6.   /   DRIJK)*   1-6.   *   TII.JPP-II   *   3.   •   Til,JPP)   * 

1     2.   *   Tll.JPPMI   ♦   TII.JPP-21) 
OTRZ(I.JPP)   «   1.   /   ORIJKI**  2  *   ITII.JPPM)   -   2.   *   Til.JPP)   *  Til, 

1     JPP-D) 
IFIMOOINKONT.NPI .NE. 01 GO TO 47 
PRINT 24, I. JPP.OIRI l,JPPI.DIR2l I.JPP) 

47 IFIJK .EQ.  JR) GO TO 319 
JPL • JPP ♦ 1 
JJ • JK * 1 
DTR(I.JPL)-   1.   /   0RIJ2I/   II.   *  ORIJZ)/  ORIJKII*   ITII.JPL*1I-  Til. 

1 JPL)*I1.   -   DRIJ2)**   2  /  ORIJKI**   2)   -   ORIJZ)**  2   /  ORIJKI**  2  * 
2 TII.JPL-D) 
DTR2II,JPL)*   2.   /   IDRIJK)*  ORIJZ)*  ORIJZ)**  21   •   IORIJZI/  ORIJK)* 

I   TU.JPL-ll-   IORIJZI/   ORIJK)«   1)   *   Til,JPL)*   TII.JPLMII 
IFIMOOINKONT.NPI   .NE.   0)   GO   TO   319 
PRINT   24,    I,   JPL,nTRI l,JPLI,0TR2l I.JPLI     ■ 

319  CONTINUE 
329   JLT   '   JSUMIIKI   -   2 

0rRII.JLT*2l   «-0RII,JLT*2I 
0TR2II,JLr*2)   •   1.   /   18./0RIJR)**  2  *  1-05.   *   TII.JLT*2)   *   108.   • 

1   ril,   JLTMI   -   27.   *   Til,   JLT)   * 4.   *  TII.JLT-III   -   II.   /   3.   /  ORI 
2JRI*  ORII.   JLT*2) 

IFIMOOINKONT.NPI   .NE.   0)   GO  TO  390 
JM  •   JLT   *   2 
PRINT 24, I. JM. DTRII.JHI. 0TR2II,JW) 

390 CONTINUE 
IFIIK .EQ. N) GO TO 360 
IUN « IK * 1 
IFT • IFT * LLSIIKI 
ILA • ILA * LLSIIUNI 
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360 CONTINUE 
RETURN 
END 

SUBROUTINE   0K0T(TTtXK«DKTfKRHOfXC't   X.   VI 
DIMENSION XI20I« YI20I 
CALL XKKSITT.XKtOKTI 
XRHO ■ 490.0 
I • 1 
CALL LINEARITT.X.YtXCPtll 
RETURN 
END 

SUBROUTINE XKKSITT.XK.DKTI 
IFITT .GT. 1472.01 GO TO I* 
XK<2B.}0-.008TO*TT 
OKT • - 0.0087 
CO TO 20 

14 XK«10.3<J*.00J*T*TT 
OKT •  0.00347 

20 CONTINUE 
RETURN 
END 

SUBROUTINE LINEARIA.X.V.VV, 11 
DIMENSION X(20).Y(20I' 

1 tFlV(l»l» .LT. Yllll (0 TO 100 
USE FOLLOWING IF AS Y INCREASES X INCREASES 

10 IFIA-Xlim.2,2 
USE FOLLOWING IF AS Y INCREASES X DECREASES 

100 IF(A-xmi2.2t3 
2 l»l*l 
GO TO 1 

3 I»l-1 
VVY(ll*IA-X(l«ll)/IXIII-Xn*l)l*YII*ll*IA-XIMI/IXtI*ll-XIII> 
RETURN 
END 

3 4       .1 1714E-08 70.0    20.0 99550 20! 
7 5 5 
S 5 5 8 

.0S1083 .0703125 .078125 .09896 

.26333 1.0417 1.81907 3.50 
3 2 1 1 

0.0 .108 200.0 .112 400.0     .125 600.0 .132 
BOO.O .ISO 1000.0 .160 1200.0    .185 1600.0 .180 
2000.0 .180 2200.0 .150 
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0.52376 01             0 52116  01 0 51966 01 0 51926 03 
«KltL 10C«II0I4 6 

0.65956 01            0 62416   01     , n 598 IE 11 i   u 5(52E 01 u 5565E 01 
0.>217E 01            0 52146   01 0 51996 01 0 51916 01 
»■•L LQOIION 9 

0.65476 
0.52H6 

01            0 62646   03 0 59856 01 0 5(546 01 0 5567!: 01 
0)     {       0 5215^   01 0 5201f 03 0 51156 bi 

»Ul LOCMION 10 
0.601116 01             0 62866   01 •) 6C076 01 0 57766 03 0 55B86 01 
iO.52576 01             0 52115   01 Ü 52186 01 0 52126 03 

««Ul. 10C.1II0U II 
0.80666 01             0 77606   01 0 7519E 01 0 7151^6 01 0 72106 01 

«>UL LOCAllpN  • 12 
0.111176 111|           0 1»\lc   01 u 75l716 01 0 71896 03 0 72626 01 
»UL 10C«IIÜN   - 1 1 

O.alKc 01             0 7812f   01. 0 75716 0! 0 7390L 01 p 72B»6 03 
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0.6117? 01             0 (B12f   01 .i. 75716 n 0 71906 0' i 72616 01 
««Ul LUr Al KIN   - 19 
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0.HII7C 01             11. 7112.    oi Ü. (5711 01 0 rn.it 01 0 (Mir 01 
««UL LUC«! KIN   ■ /\ 

0.611-76 01             0 781^1,  03 0. 75(16 01 o' (1901 01 .1 72616 01 
««Ul IOCAIIIN   - h 1 

O.HIUF 01             Ü. (8116   111 •v 75 706 OI 0 Mm« 0) O 7/4/1 01 
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0.|6I0IE 0,1             P. 7(966   0 1 0. (5556 11 0. (1746 01 U 7/4(1 0 t 

.54196 01 n 51116 01 0.52 70« 01 

.542(6 01 (. 5 1116 01 j.52(16 01 

.5441L- 01 0 51326 01 0.5290c 01 

.7153« 01 0 71246 01 

.71^56 03 '. 71561 0 1 

.(18U6 01 0 71566 01 

• 21861; .11 0 71566 (11 

.71866 03 11 71566 "1 

.7 1861 01 t\ '|5(.6 .11 

.71561 01 " 7r.66 01 

. 7186' 0) 1) 71166 0 1 

.7181. 0 1 Ü 71566 • 0 1 

. Mii.il f 1 '1 (|->66 0 I 

.'U6' 0 1 r (1566 0 1 

.71 r„ 

.' 1 (oi 

0 1 

1 1 

.. (15^6 

714(11 

0 1 
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APPENDIX B 

FLOW CHART OF MAIN PROGRAM 
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FLOW CHART OF 
MAIN PROOUW 

Read In Oat« 

Compute Time Interval 

I Compute Temperature 
 Change   1  

c 
PRINT OUT 

Computed Data 

If desired time Is reached 
CALL EXIT, otherwise go 
back to I and continue 

33 



~-'— —-- -mm 

LIST OF SYMBOLS USED IN TEXT 

Symbols 

C   - specific heat (BTU/lb >F) 

h   - he«t trwsfer coefficient (BTU/hr ft2 »F) 

1    - number of redial nodes 

j   - number of exlel nodes 

k   - therwel conductivity (BTU/hr ft •F) 

■   - exlal node 

n   - r«di«l node 
n* heit flux (BTU/hr ft2) 

R   - radial boundary (ft) 
r   - radial coordinate (ft) 

T   - temperature ('F) 

t   - time (hr) 

Z   - axial coordinate (ft) 

aR - radial Incremeat (ft) 

AZ - axial Increment (ft) 

E       - cmlsslvlty 

B     ' density (lb/ftJ) 

o     - radiation coefficient (0.1714 BTU/hr ft2 "R") 

Subscripts 

9   - gas 

i    - Initial value 

m   - node m 

n   - node n 
o   . surroundings 

•    - boundary 1, segment 1 
2      _ boundary 2. segment 2 
3     . boundary 3, segment 3 
w boundary 4 
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